Abstract -To drive neural differentiation of mouse embryonic stem (ES) cells, various culture protocols have been previously developed that all require the formation of embryoid bodies, usually combined with a treatment by all-trans retinoic acid (aRA). Here, we investigated whether or not neural differentiation can also occur in a simplified monolayer culture. Mouse ES cells were plated in serum-containing DMEM media with and without aRA and grown under these conditions for 2 days. Then, the cells were transferred to fresh serum-containing DMEM media and/or to serum-free DMEM/F12 media supplemented with a mixture of insulin, transferrin, selenium, and fibronectin (ITSF) for further culture. The changes in cell morphology and in the expression of selected molecular markers were monitored. Generally, in contrast to all the others, the protocol consisting of a 2-day culture in serum-containing DMEM followed by continuous exposure to the ITSF supplement in DMEM/F12 drove a vast majority of ES cells to generate phenotypic signs of neural lineage. Altogether, neural differentiation can be achieved in vitro without the step involving the formation of embryoid bodies as well as the treatment by aRA. Reprod. Nutr. Dev. 42 (2002) 317-326 317 
INTRODUCTION
Mouse embryonic stem cells (ES cells) are immortal cell lines derived from an inner cell mass of the 3.5 day blastocyst that can be propagated in vitro in a nondifferentiated state in the presence of the leukemia inhibitory factor (LIF). When reintroduced back into the mouse blastocyst, they can give rise to cells of any cell lineage of the developing mouse, including the germ line. Importantly, ES cells are also able to generate differentiated progeny in vitro [6, 10, 15] . This implies that cultured ES cells can both generate and respond to signals that normally regulate murine development. Under specific culture conditions, ES cells form three-dimensional structures called embryoid bodies, from which they spontaneously differentiate into a variety of cell types [19] . In the past few years, strategies have been developed that allow to differentiate ES cells into specific cell lineages, including hematopoietic [24] , myogenic [25] , neural/neuronal [1, 12, 20] , and others.
In order to be driven into a neural lineage, ES cells are usually subjected to a two-step differentiation procedure. First, ES cells are allowed to form embryoid bodies (EBs) by culturing either on nonadherent (bacteriological) dishes or in hanging drops of media. Both media with [1, 12] and without all-trans retinoic acid (aRA) [20] can be used. Resulting EBs are then plated on tissue culture dishes and further cultured either in DMEM media containing serum but not LIF and aRA [1, 12] or in a serum-free DMEM/ F12 media supplemented with insulin, transferrin, selenium and fibronectin [20] . These manipulations give rise to cell populations rich in neural and neuronal cells that can be further specialized by treating them with various cytokines such as EGF, FGF-2, and/or PDGF [4] .
Although the techniques summarized above are sufficient to give rise to neural progenitor cells and neurons, these cells are produced by selecting out non-neural cell types present in EBs, rather than by homogenous differentiation towards solely neural lineages. Considering that, in terms of cellto-cell interactions, one-dimensional culture introduces lower complexity to the system compared to three-dimensional EBs, we reasoned that differentiation protocols involving only monolayer culture must be developed in order to: (1) make large scale production of neurodifferentiated cells more effective and to (2) allow for analyzing the molecular mechanisms that drive early events of neural differentiation in vitro. Therefore, in this study several protocols strictly involving only adherent monolayer culture were evaluated for their ability to induce neural differentiation of mouse ES cells.
MATERIALS AND METHODS

ES cell culture and experimental design
Embryonic stem cells, lines D3, C3H, and F1 [6, 8, 14] , were routinely grown on mitomycin C-treated STO fibroblasts in Dulbecco's modified Eagle medium (DMEM, supplemented with 20% fetal calf serum, 100 mM nucleosides, 0.05 mM b-mercaptoethanol, 100 i.u . mL -1 penicillin, 0.1 mg . mL -1 streptomycin) with 1000 units . mL -1 LIF (GIBCO BRL, CHEMOS CZ, Prague, Czech Republic). For the experiments, STO fibroblasts were removed by centrifugation on a discontinuous FicollPaque gradient (Amersham Pharmacia Biotech, Buckinghamshire, England, 85% v/v in phosphate buffered saline -PBS, pH 7.4) followed by 45 minutes of adhering on the tissue culture dish. Embryonic stem cells (> 95% purity) were plated (~5 1 0 3 cells per cm 2 ) on gelatinized tissue culture dishes into DMEM with and without 0.5 mM aRA (Sigma, Prague, Czech Republic). After 48 hours of culture, the media was replaced by either fresh DMEM or ITSF
°C/24/350 bp). Before being used for cDNA quantification, the range of linearity was determined for each primer set. PCR products were separated on 1.5% agarose gels and visualized by ethidium bromide staining. media (DMEM/F12 1:1 supplemented with the mixture of transferrin, insulin, selenium (ITS supplement, Sigma) and 1 mg . mL -1 fibronectin (GIBCO BRL)). The complete experimental design is shown in Figure 1 .
Semiquantitative RT-PCR analysis
Total RNA was extracted from each cell preparation by the RNeasy Mini Kit (QIA-GENE, Bio-Consult, Prague, Czech Republic). 
Western blotting (WB)
The following neural markers were quantified by Western blotting: neural cell-adhesion molecule (N-CAM) [18] , neuron-specific class III b-tubulin isotype [7] , and growth-associated protein-43 (GAP-43) [21] . The cells were washed with PBS and lysed in sodium dodecyl sulphate (SDS)-lysis buffer (50 mM Tris-HCl, pH 7.5; 1% SDS; 10% glycerol). Protein concentrations were determined using the DC Protein assay kit (Bio-Rad). Lysates were supplemented with bromophenol blue (0.01%) and b-mercaptoethanol (1%), and equal amounts of total protein (10 mg) were subjected to 10% SDS-PAGE. After being electrotransferred onto polyvinylidene difluoride membrane (Immobilon-P, Sigma), the proteins were immunodetected using the appropriate primary and secondary antibodies, and visualized by ECL+Plus reagent (Amersham Pharmacia Biotech) according to the manufacturer's instructions. The following primary antibodies were employed: mouse monoclonal antibody against human N-CAM, which cross-reacts with the mouse homolog (C0678; Sigma), mouse monoclonal antibody against neuron-specific class III b-tubulin isotype (TU-20, gift from Dr. Draber, Institute of Molecular Genetics, Prague, Czech Republic), and the goat polyclonal antibody against human GAP-43, which cross-reacts with the mouse homolog (sc-7457; Santa Cruz Biotechnology, Santa Cruz, CA).
Indirect immunofluorescence (IIF)
The expression of two neural markers, glial fibrillary acidic protein (GFAP) [3] and microtubule-associated protein-2 (MAP-2) [22] , was determined by indirect immunofluorescence (IIF) using the following antibodies: goat polyclonal antibody against human GFAP, which cross-reacts with the mouse homolog (sc-6170, Santa Cruz Biotechnology) and monoclonal antibody against rat MAP-2, which cross-reacts with the mouse homolog (M4403, Sigma). For IIF, ES cells differentiating for 18 days were transferred onto glass coverslips, cultured for another 2 days, fixed in ethanol/acetic acid (95% EtOH, 1% acetic acid) for 30 min on ice, then were slowly rehydrated, quenched with 1% BSA in PBS for 1 h at room temperature, incubated with the appropriate primary (overnight at 4 °C) and FITCconjugated secondary (1 hour at RT) antibodies, and mounted to Mowiol (Sigma). The cells were viewed under an epifluorescent microscope Olympus BX-60 (Olympus, Prague, Czech Republic).
RESULTS
In embryoid bodies, neurodifferentiation normally occurs irrespectively of the presence or absence of aRA in culture media. Still, in order to investigate the capacity of ES cells to produce cells with neural phenotypes under adherent growth conditions, both aRA+ and aRA-cultures (here referred to as RA and DMEM) were set in DMEM for the initial two days, thus timely corresponding to the classical EB-based approach (Fig. 1) . After this period, each culture was transferred back to DMEM and/or ITSF media and it was maintained under these conditions for another 18 days. Altogether, the four independent differentiation protocols, further referred to as DMEM/DMEM, DMEM/ITSF, RA/DMEM, and RA/ITSF, were assayed in this study. To monitor both early and late changes occurring in differentiating ES cells, RNA/protein/cell samples were taken at three time points (2, 4, and 20 days) as depicted in Figure 1. 
Lineage-specific gene markers
The levels of mRNAs of the genes that are specific for the ectoderm/neuroectoderm (Pax-6), mesoderm (Brachyury), 320 tion of the Brachyury message, a simple switch to ITSF (the DMEM/ITSF protocol) diminished this tendency. The presence of aRA in media (the RA/DMEM, and RA/ITSF protocols) thoroughly prevented the occurrence of Brachyury mRNA. The level of α-fetoprotein in ES cells cultured in aRA-containing media became strongly upregulated irrespectively of its precise formulation (DMEM and ITSF). On the contrary, media formulation caused a major difference in α-fetoprotein expression under aRA-free conditions. Specifically, although DMEM media allowed for the expression of α-fetoprotein, this was shut down in ITSF. In contrast to Brachyury and α-fetoprotein, all four protocols supported the continuous transcription of Pax-6, with only a slight downregulation being observable at day 4 in the ITSF media (the DMEM/ITSF and RA/ITSF protocols).
and endoderm (α-fetoprotein) were determined by semiquantitative RT-PCR at days 2 and 4 of ES cell differentiation [9, 13, 23] . From all three messages analyzed, only Pax-6 mRNA was found in large amounts in nondifferentiated ES cells (Fig. 2) . At 2 days after withdrawal of the LIF and feeder cells (the beginning of the differentiation protocol), differential expression of Brachyury and α-fetoprotein developed based on the protocol used. Specifically, aRA-free DMEM media (DMEM) supported the expression of Brachyury while aRA-containing DMEM (RA) promoted the expression of α-fetoprotein (Fig. 2) . As expected, 2 more days of culture (DMEM/DMEM, DMEM/ITSF, RA/DMEM, and RA/ITSF protocols) brought up further differences in the expression of the marker genes (Fig. 2) . While a continuous culture in serumcontaining DMEM (the DMEM/DMEM protocol) has led to the further accumula-321
Figure 2. Expression of mRNAs of cell lineage-specific genes in differentiating ES cells (RT-PCR).
Embryonic stem cells were first grown for 2 days in the DMEM media with (RA) or without (DMEM) aRA, and then they were cultured for another 2 days in either the DMEM media (RA/DMEM, DMEM/DMEM) or the ITSF media (RA/ITSF, DMEM/ITSF). Data are representative of at least three independent replicates.
Cell morphology
Along with changes in the expression of gene markers, the morphology of cells also developed specificities according to the particular differentiation protocol. The cells were monitored daily and their morphology, as it was typically observed at days 4 and 20, is shown in Figure 3 . First, there was a noticeable difference between the cells that were (the RA/DMEM and RA/ITSF protocols) and that were not (the DMEM/DMEM and DMEM/ITSF protocols) exposed to aRA, irrespectively of the exact media formulation. Generally, treatment with aRA caused the ES cells to strictly grow in a monolayer, while aRA-free conditions allowed for the formation of multilayer structures. Moreover, after about ten days, a massive cell dying took place in the RA/ITSF culture, leaving only a few cells attached to the dish at day 20. Still, the major finding represents the behavior of ES cells that were cultured according to the DMEM/ITSF protocol, combining two days in aRA-free DMEM followed by 18 days in ITSF. These cells continuously slowed their multiplication, rounded up, and started to create protrusions (Fig. 3, Day 4) . Although a majority of such cells died, the remaining cells gave rise to three-dimensional structures. Later on, these structures developed into growing spheroids/colonies with expanding neuron-like cells (Fig. 3,  Day 20) . Such colonies and expanding neurons represented from between 60 to 90% of all cells in culture depending on the ES cell line used. The highest percentage was produced by F1 ES cells, while the lowest by D3 ES cells.
Neural-specific protein markers
Both Western blot analysis (N-CAMneuron/glia-specific, neuron-specific class III b-tubulin isotype -neuron-specific, GAP-43 -neuron/glia-specific) and indirect immunofluorescence (GFAP -astrocyte-specific, MAP-2 -neuron-specific) were employed to determine whether or not the cells with the neural phenotype developed in culture. When Western analyzed at day 4 of culture, no neural marker was detectable under any culture protocol (Fig. 4,  Day 4) . In contrast, at day 20, correspondingly with their morphology and gene expression profile, aRA-nontreated cells grown in ITSF (protocol DMEM/ITSF) contained high levels of all neural markers analyzed by both WB and IIF (Fig. 4, Day 20 ; Fig. 5 ). According to GFAP expression determined by IIF, astrocytes represented about 2% of the cells under such culture conditions. Notably, some GAP-43-positive cells obviously also developed in aRAfree DMEM cultures (the DMEM/DMEM protocol) (Fig. 4, Day 20 , longer exposure). Importantly, the RA/DMEM and RA/ITSF protocols involving aRA-treatment produced no cells positive for any neural marker even upon 20 days of culture.
DISCUSSION
In this study, mouse ES cells were successfully driven to neurodifferentiate under culture conditions not involving the formation of embryoid bodies and the treatment by all-trans retinoic acid. In other words, simple culturing of dish-adhered mouse ES cells in serum-free DMEM/F12 media supplemented by insulin, transferrin, selenium, and fibronectin can give rise to a highly enriched population of neural cells. Such media was originally shown to be well suited for serum-free culture of rat neuroblastoma cells [2] and then also for neurodifferentiation of mouse embryonal carcinoma cells [5] . When adopted in this study to mouse ES cells, this strategy promoted the elimination of cells expressing nonectodermal gene markers (Fig. 2) . Instead, most cells with neural morphological and biochemical features survived and outgrew in such a culture. The resulting spherical colonies were very reminiscent to those seen in cultured neural stem cells derived from fetal and/or adult human brains [11] . Although treating ES cells derived from embryoid bodies by aRA is beneficial for neurodifferentiation [1, 12] , obviously this was not the case for ES cells cultured here under adherent conditions. Correspondingly with what was previously shown by Mummery and colleagues [17] for both ES and embryonal carcinoma cells, in our study, aRA also caused ES cells to develop primarily towards endodermal lineage, as documented by the heavy expression of α-fetoprotein mRNA.
Retinoic acid was previously shown to induce expression of growth factor receptors in various cell types. Such an increased expression then makes cells more responsive to differentiation-inducing signals, but also more vulnerable to the absence of growth factors [16] . Such a scenario also seems to apply to aRA-treated ES cells, since massive cell death occurred when such cells were cultured here under serum-free conditions (protocol RA/ITSF). Altogether, the differentiation protocol involving 2 days of culture in a serum-containing media followed by culture in media with only insulin, transferrin, selenium, and fibronectin, was found to preferentially support the development of neural cells from mouse ES cells. This differentiation approach may thus represent a novel alternative to the widely used protocols that invariably employ the formation of embryoid bodies [1, 20] . It is believed that it might serve as the experimental system for studying the molecular mechanisms involved in neurodifferentiation and also as a basis for the further simplification of generating neural cells in vitro.
